Tuberculosis in seals is caused by Mycobacterium pinnipedii, a member of the Mycobacterium tuberculosis complex. In this study, we evaluated the extent of genetic variability among Mycobacterium bovis and M. pinnipedii by microarray-based comparative genomics. We identified two deletions that are exclusive to M. pinnipedii: PiD1 that removes the orthologues of the M. tuberculosis genes Rv3530c and Rv3531c, and PiD2 that encompasses genes Rv1977 and Rv1978. Interestingly, a deletion overlapping the previously described RD2 region was identified in some isolates of Mycobacterium microti and further characterised.
Introduction
The Mycobacterium tuberculosis complex is a group of highly related strains that cause tuberculosis in man and across many wild and domesticated mammals. Based on host preference and phenotypic and genetic tests, mycobacteria isolated from seals (pinnipeds) have been recently proposed as a novel member of this complex. The designation Mycobacterium pinnipedii has been suggested for these seal isolates [1] .
Seal bacilli were first isolated from captive or wild sea lions and fur seals from New Zealand and Australia [2] [3] [4] . Similar organisms were subsequently recovered from the same animal species in South America [5] [6] [7] , as well as from a Brazilian tapir [1] . Recently, their ability to cause disease in guinea pigs and rabbits has been demonstrated by experimental inoculation [1] . This fact, together with the finding of a human isolate from a seal trainer who worked with an affected colony in Australia [8] , and a bovine isolate in New Zealand [1] , suggests that M. pinnipedii can cause infection across a wide host range.
Analysing the distribution of 20 variable regions in the genomes of three different seal isolates, Brosch et al. [9] found that M. pinnipedii had lost the RD3, RD7, RD8, RD9 and RD10 regions, but was intact for the RD5, RD4 and RD6 regions which are deleted in Mycobacterium bovis. Based on the presence or absence of these variable regions, Brosch et al. proposed a new evolutionary scenario of M. tuberculosis complex, where M. pinnipedii was placed closer to Mycobacterium microti than M. bovis. A recent report using fluorescent amplified fragment length polymorphisms (FAFLP) markers also suggested that M. pinnipedii is closely related to M. bovis [10] .
It is essential that mycobacterial isolates can be accurately and rapidly assigned to the species level so as to aid epidemiological and clinical investigations; however, the high degree of genetic relatedness across the complex can often complicate strain identification. The application of whole genome analysis to the complex has now allowed a set of deletions to be defined that serve as powerful strain-markers [1] . Recently, Garcia-Pelayo et al. [11] identified a novel M. microti deletion which removes five genes that code for ESAT-6 family antigens and PE-PPE proteins. This region, called MiD4, was also found to be deleted from M. pinnipedii [11] , supporting the previous idea of a common evolutionary lineage for both strains [9] . To extend the repertoire of these deletion markers we therefore undertook a whole genome microarray analysis of the recently defined M. pinnipedii species.
Materials and methods

Mycobacterial strains
The three M. pinnipedii isolates were recovered from Argentinean fur seals (Arctocephalus australis) [12] . The 10 M. microti isolates were from the RIVM (National Institute for Public Health and the Environment, Bithoven, The Netherlands) strain collection [13] . The three M. bovis isolates and the reference strain M. bovis AN5 were from the CICVyA (Centro de Investigaciones en Ciencias Veterinarias y Agrarias, Buenos Aires, Argentine) strain collection. M. bovis AF2122/97 and M. tuberculosis CDC1551 were from VLA (Veterinary Laboratories Agency, Surrey, UK) strain collection. M. tuberculosis H37Rv was provided by Dr. B. Gicquel, Pasteur Institute, Paris. The M. caprae isolate was from the Mycobacterial National Reference Laboratory, Germany. All strains were previously extensively characterised by reference typing methods, i.e., IS6110 restriction fragment length polymorphism (RFLP) typing and spoligotyping [11] [12] [13] [14] .
Labelling of genomic DNA
Whole genomic DNA was used as a template for direct incorporation of fluorescent analogues (Cy3-and Cy5-dCTP) by a randomly primed polymerisation reaction. Briefly, 1 lg of template DNA and 3 lg of random primers (Invitrogen, Paisley, UK) in a reaction volume of 41.5 ll were denatured at 95°C for 5 min and snap-cooled on ice. Then, 5 ll of REact 2 buffer (Invitrogen, Paisley, UK), 1.5 ll of Cy-dye-labelled dCTP (Amersham Pharmacia Biotech, Bucks, UK), 1 ll of dNTP solution (5 mM each dATP, dGTP and dTTP, plus 2 mM dCTP) and 5 U of Klenow (the large fragment of DNA polymerase I, exonuclease free; Invitrogen, Paisley, UK) were added. Test strain DNA was labelled with Cy5-dCTP and the control M. bovis AF2122/97 strain DNA with Cy3-dCTP. The labelling reactions were incubated at 37°C for 90 min. Labelled DNA from the test and control strains were mixed and purified using the Qiagen MinElute kit (Qiagen, Crawley, UK).
DNA microarray hybridisations
A DNA microarray containing non-redundant CDS from the two sequenced M. tuberculosis strains, CDC1551 and H37Rv, and from M. bovis AF2122/97, was used to detect gene variability in M. pinnipedii.
Microarray slides were incubated in prehybridisation solution (3.5· SSC, 0.1% SDS and 10 mg/ml BSA) at 65°C for 20 min. The slide was rinsed in water for 1 min and propan-2-ol for 1 min before drying by centrifugation at 400g for 5 min.
The purified Cy3/Cy5-labelled DNA was adjusted to 55 ll in 4· SSC and 0.3% SDS. The hybridisation mixture was denatured at 95°C for 2 min, cooled slowly to room temperature, applied to the array and covered with a 110 mm 2 coverslip. The slide was placed in a waterproof hybridisation chamber and incubated at 65°C in the dark for 16-20 h. After hybridisation, slides were washed at 65°C for 2 min in 1· SSC buffer with 0.05% SDS, followed by two washes of 2 min at room temperature in 0.06· SSC, and then dried by centrifugation. The microarrays were scanned with an Affymetrix 428 scanner. Fluorescent spot intensities were quantified using ImaGene 4.1. (Biodiscovery Inc., Marina Del Rey, CA). For each spot, background fluorescence was subtracted from the average spot fluorescence to produce a channel specific ratio.
Data analysis
Data were analysed using GeneSpring 5.0 (Silicon Genetics), each geneÕs measured intensity was divided by each geneÕs control channel value, and the median of the normalised test/control ratio calculated. A cutoff for the normalised test/control ratio of <0.5 was used to create gene deletion lists. Data were further analysed with Mathematica 4.2 (Wolfram Research Inc.), with a LOWESS normalisation using a bandwidth of 20% of the M-A data, where M = log (control/test) intensity and A = 1/2 log (control · test) intensity. Candidates for deletions were those genes with a normalised log intensity ratio >1.
Validation of microarray data by PCR and sequencing
The sets of primer pairs used were PiD1F (5
The PCR products were sequenced by the Sequence Service facility at CNIA, INTA-Castelar BsAs. Analysis of sequence data generated was performed by BLAST searches against the M. tuberculosis and M. bovis genome sequences (http://genolist.pasteur.fr/TubercuList/; http://genolist.pasteur.fr/BoviList/).
Southern blot analysis
Southern blot analysis was performed to check for the PiD1 and PiD2 deletions in various strains of the M. tuberculosis complex. Probes were amplified by PCR from M. bovis AF2122/97 or M. tuberculosis H37Rv genomic DNA as described above. Amplification products were radiolabelled with [ 32 P] dCTP using the Prime-a-Gene kit (Promega, Madison, USA) as specified by the manufacturer.
Approximately 1 lg of genomic DNA from mycobacterial strains was digested overnight at 37°C with 5 U of ClaI (Promega, Madison, USA), and 10 U of SalI. Restriction fragments were separated overnight by electrophoresis on 0.8% agarose gel and then transferred to a nylon membrane by vacuum blotting using a Milliblot-V transfer system (Millipore, Bedford, MA, USA). The DNA was fixed to the membranes by exposure to UV (0.120 J/cm 2 ). Membranes were prehybridised and hybridised in a solution containing 1% SDS (sodium dodecyl sulfate), 2.5· SSPE (1· SSPE: 10 mM NaH 2 PO 4 , 0.18 M NaCl, 1 mM EDTA, pH 7.4, 0.01% sodium pyrophosphate and 0.1% polyanetholsulfonic acid). Prehybridisation was carried out for 3 h at 65°C, with hybridisation performed overnight at 65°C. Membranes were washed twice for 5 min in 1· SSC, 0.1% SDS at room temperature. Membranes were exposed to X-ray film at À70°C for 2 days and the autoradiographs were then developed.
Results
We identified five deletions from the M. pinnipedii isolates relative to M. bovis AF2122/97. These regions were: RD3, MiD3 and MiD4, which were previously described as also absent from M. microti [9, 11] , and two new, species-specific deletions. Microarray data indicated that the orthologues of the M. tuberculosis genes Rv3531c and Rv1978 were deleted from all of the three M. pinnipedii isolates. We called these loci PiD1 and PiD2, respectively.
In order to define the extension of the deleted regions PiD1 and PiD2, we identified their flanking sequences on the M. pinnipedii genome. PCR primers flanking the deletions were designed and the resulting amplicons were sequenced. We found that PiD1 and PiD2 encompass regions of 1298 and 1942 bp, respectively. Sequence data showed they are located between positions 3,910,895 to 3,912,194 and 2,199,863 to 2,201,805, respectively, on the M. bovis AF2122/97 genome (http://genolist.pasteur.fr/BoviList/; Fig. 1(a) and (b) ). PiD1 (EMBL Accession number: AJ841291) affects the orthologues of the M. tuberculosis genes Rv3530c and Rv3531c (http://genolist.pasteur.fr/TubercuList/), while PiD2 removes a region orthologous to Rv1978-1979; this latter region was previously described as RD2 seal by Marmiesse et al. [15] . The sequences of the junction regions were found to be identical across the 3 M. pinnipedii strains, suggesting that PiD1 and PiD2 deletions occurred once in a common ancestor. A region called RD2 mic encompassing Rv1978 and part of Rv1979, is also missing in M. microti [9] . Since RD2 mic and RD2 seal overlap by 1896 bp (Fig. 1(b) ), it suggests that these deletions occurred as independent events in this unstable region. This agrees with data from others that also identified deletion hot-spots in the M. tuberculosis chromosome [16] . PCR and sequencing analysis across a panel of M. tuberculosis complex strains showed that these deletions correctly identified M. pinnipedii in all cases (Fig. 2(a)  and (b) ). To test whether RD2 mic was absent from other isolates of M. microti, we performed a PCR analysis by using a pair of primers that annealed to the flanking regions of the Rv1977-Rv1978 locus (Fig. 2(c) ). RD2 mic was found to be absent from three of the nine strains analysed and present in the rest of the strains. A copy of insertion sequence IS6110 at the RD2 mic locus was demonstrated in two of these strains (data not shown, see Fig. 2(c), lanes 4 and 6) .
The presence or absence of the PiD1 and PiD2 regions across M. tuberculosis complex strains was also analysed by Southern blotting experiments (Fig. 3) . Probes against flanking regions of PiD1 and internal PiD2 were used on genomic DNA species digested by ClaI (PiD1) or SalI (PiD2). The deletion of PiD1 was confirmed in M. pinnipedii isolates by observing (Fig. 3) . a single hybridising fragment, which was about 1200 bp shorter than that obtained for other M. tuberculosis complex strains (Fig. 3(a) ). This decrease in band size is consistent with the results from the PCR experiments. Supporting our previous observations, no bands were detected by hybridisation of M. pinnipedii isolates with a probe encompassing Rv1978 and Rv1979 (Fig. 3(b) ).
Discussion
In this study, we evaluated the extent of genetic variability in M. pinnipedii by microarray-based comparative genomics. This is a powerful method that allows genomes to be rapidly screened for deletion events. Using a DNA microarray that included all identified CDS from both sequenced M. tuberculosis strains (H37Rv and CDC1551) and M. bovis AF2221/97, we identified two regions exclusively absent from M. pinnipedii.
The PiD1 deletion was identified in this study for the first time as being absent from all isolates of M. pinnipedii. The CDS sequences at the junction points are truncated, indicating that it is a deletion. Its bordering genomic regions do not contain repetitive sequences, suggesting that the deletion is the result of an irreversible event in a common progenitor strain. This deletion removes Rv3531c and parts of Rv3530c, encoding a hypothetical protein and possible oxidoreductase involved in cellular metabolism, respectively. The significance of these missing functions, if any, to the seal bacillusÕs host tropism and phenotype is unknown at present.
The second specific deletion, PiD2, has been recently defined as RD2 seal by Marmiesse et al. [15] since it overlaps the 10.7 kbp RD2 region. Interestingly, a region encompassing Rv1978 and part of Rv1979 is also missing in some M. microti isolates. However this deletion, called RD2 mic , maps to a slightly different locus to that of RD2
seal . This information, together with the fact that the RD2 region is deleted from some BCG substrains, strongly suggests that these deletions have occurred as independent events in an unstable region.
Several molecular techniques have previously been used to characterise mycobacterial isolates from seals [1, 15, 6, 17] . Zú marraga et al. [12] found that these bacteria had some of the genetic characteristics of M. bovis but other genetic and antigenic features identical to M. tuberculosis. Subsequently, using comparative genomics Brosch et al. [9] demonstrated that the seal bacillus was separated from M. bovis by at least six deletions and that it has a similar number of deletions to M. microti and M. canetti. This is in agreement with molecular epidemiological studies using spoligotyping which revealed that M. pinnipedii forms a clearly different cluster to that of all other members of the M. tuberculosis complex [1, 12] .
In summary, here we described a novel genomic deletion that seems to be exclusive to M. pinnipedii. These strain-specific deletions could serve as markers for phylogenetic and evolutionary studies, and also as a signature for rapid identification and diagnosis. Thus our findings, together with previous studies, support the unique taxonomic position of M. pinnipedii within the M. tuberculosis complex.
